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Abstract. In this paper, an investigative study on mechanical properties of CCI hollow 
bricks, for example, compressive strength, modulus of rupture, splitting tensile strength, 
water absorption capacity and heat transfer is conducted. The experimental program is 
divided into two parts. In the 1st part, bricks from three different regions (A, B and C having 
different soil stratum) of Thailand were collected and their mechanical properties were 
investigated. The mechanical properties of CCI hollow bricks of region A were observed 
relatively very low as compared to other regions. The compressive strength values of region 
A bricks were found even below the standard values required by Thai Community Product 
Standards (TCPS). Then, in the 2nd part, change in three mix design ratios followed by sand, 
cement and fly ash for region A have been exercised to observe their effects on mechanical 
properties of bricks from said region. Results showed significant improvements as compared 
with previous results obtained in first part of the experimental program. Also, a cost-benefit 
analysis was performed to observe the effect of the manufacturing cost on the mechanical 
properties of CCI hollow bricks in Thailand. It has been investigated that the brick samples 
with more cement content (from region C, Mix – 2 & Mix – 3) are relatively expensive as 
compared with other brick samples with less cement content (from region A, region B & 
Mix – 1). 
 
Keywords: Cement, clay, interlocking bricks, compressive strength, water absorption 
capacity, fly ash. 
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1. Introduction 
 
Bricks are one of the primary construction material 
which is widely used all around the world since decades 
[1]. Conventional fired clay-based bricks are usually 
produced by mixtures of clays and shale as raw materials, 
and which are then processed in different shaping, drying 
and firing procedures at high temperature. Fired clay 
bricks are main construction material which is used for the 
construction of buildings but in the same time, it suffers 
from the higher costs of energy with some other 
environment related problems such as high energy usage 
and emission of carbon dioxide [2]–[9]. Also, conventional 
fired clay bricks are very much vulnerable to weather, 
especially in rainy seasons in which soil material may lose 
cohesiveness, in particular with cement plaster [10]. In 
addition, the ever-increasing demand of building 
construction made it necessary to develop new ways to 
fulfil and solve construction related problems. However, 
an initiative to produce highly compressed stabilized 
cement-clay interlocking (CCI) hollow bricks (which are 
somehow similar to the LEGO blocks) as an alternative 
method in comparison of the conventional fired clay 
bricks, this method uses less or minimum mortar to fix the 
bricks together. These CCI hollow bricks are mainly 
produced by using appropriate different soil mixes (such 
as clay, sand and stone dust), with adequate compaction 
and stabilization using cement and admixtures, which 
ensures the increased density of the bricks, reduced water 
absorption capacity, increased frost resistance in extreme 
weathers and mainly enhanced compressive strength of 
CCI hollow bricks. This method of manufacturing unfired 
bricks has major advantage over conventional fired bricks 
as it produces around 80% less carbon dioxide in the 
atmosphere, giving it advantage with respect to 
environmental concerns, while using comparatively very 
low energy incurred in the manufacturing process [11]–
[16]. A study by Walker (1995) [17] investigated the 
impacts of soil characteristics and cement content on the 
physical properties of stabilized soil blocks and suggested 
that the strength of the stabilized soil blocks in saturated 
conditions and durability can be enhanced by adding 
cement content as compared with clay contents. He 
suggested that the ideal soil-cement blocks must have a 
plasticity index in between of 5 to 15. The mixes having 
plasticity index more than 20-25 are not very suitable for 
stabilization in manual pressing method as it causes 
shrinkage due to excessive drying process, with inadequate 
durability and lower compressive strength values. Reddy 
and Gupta (2005) [18] used the sandy soils for 
investigating various characteristics of the soil-cement 
blocks and inferred that the compressive strength of the 
mixes increase 2.5 times if cement content is doubled with 
an increase from 6% to 12%. They also concluded that the 
saturated water content of the blocks is not very much 
sensitive to cement content, while moisture absorption 
greatly influenced by cement content. As cement content 
is increased, the pore size is decreased in cement-soil 
blocks. However, the surface porosity is not sensitive 
when adding cement content. In Thailand, cement-clay 
interlocking (CCI) hollow bricks are usually locally made 
with the available clay materials throughout the country 
for the construction of low rise residential buildings 
without following any standard procedure or guidelines. 
These bricks are manufactured locally in small factories 
located in different regions of Thailand. In Thailand, there 
are at least more than 700 brick manufacturing plants in 
Thailand [19]. Mostly, these plants are located in rural 
areas and these plants are owned by successful farmers or 
entrepreneurs who have gained experience through 
working with other brick plants. Most of the rural brick 
manufacturing plants owners use clay dug from their own 
land. According to the geological map of Thailand, the 
sedimentary and metamorphic rock distribution of 
Thailand is quite diverse, ranging from mudstone to 
sandstone and shale [20]. Many studies have reported that 
change in clay contents cause change in mechanical 
properties of bricks [14], [21] - [23]. In addition, there are 
no standard guidelines or reference codes of practice to 
manufacture CCI hollow bricks. However, some limits on 
compressive strength and water absorption capacity of 
interlocking blocks are defined by Thai Industrial 
Standards Institute, Bangkok [24]. In general, each CCI 
hollow brick manufacturing plant is using different mix 
designs. These mix designs are produced from locally 
available materials and existing knowledge and practice of 
the local manufacturing laborers. For example, some 
plants use only cement and clay to produce CCI hollow 
bricks whereas some plants also add stone dust or sand 
along with cement and clay to produce CCI hollow bricks. 
The change in mix design proportions directly affects the 
mechanical properties of CCI hollow bricks, for example, 
compressive strength, tensile strength and water 
absorption. Mechanical properties of bricks such as 
compressive strength, splitting tensile strength and 
modulus of rupture are very important engineering 
properties which are used to design masonry structures. In 
the past different methods such as non-destructive and 
destructive methods have been used to access the 
compressive strength of existing masonry construction 
[25]. In addition, compressive behavior of masonry triplets 
in wet and dry conditions have been also investigated 
under laboratory conditions [26].   
As per author’s information there are limited studies 
on the mechanical properties of CCI bricks [21] and there 
is no comprehensive research study conducted on the 
mechanical properties of clay-cement interlocking hollow 
bricks manufactured in different regions of Thailand. 
Hence there is a need to hasten the effort to determine the 
effects of locally available materials and mix design ratios 
on the mechanical properties of clay-cement interlocking 
bricks. In addition, Thailand has two major types of 
climate; i.e., dry season and rainy season. But, there is not 
much variation in temperature which ranges between 30-
350C. In Thailand, the local residents favor in using 
interlocking hollow bricks because of obvious reasons of 
heat transfer and moisture content control, and no usage 
of mortar. Thus there is need to study the moisture 
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absorption and heat transfer rate of CCI hollow bricks. To 
achieve this goal, an experimental program is planned to 
determine the mechanical properties such as compressive 
strength, modulus of rupture, splitting tensile strength, 
water absorption capacity and heat transformation. The 
experimental program is divided into two parts. In the 1st 
part, CCI hollow bricks from three different regions (A, B 
and C having different soil stratum) of Thailand were 
collected and their mechanical properties were 
investigated. The mechanical properties of CCI bricks 
were also compared with the recommendations of Thai 
community product standards [21]. The mechanical 
properties of CCI hollow bricks of region A were 
observed relatively very low as compared with other 
regions and compressive strength was found even below 
the standard values. As per author’s information, in the 
past, limited studies have been conducted on the use of 
recycled and other waste materials to produce the solid 
clay bricks and CCI hollow bricks [27], [28]. Hu et al. 2014 
investigated the mechanical properties of waste clay bricks 
from debris of buildings through lab tests. The test results 
of compaction property indicated that the cement treated 
aggregate which contains crushed clay brick had a lower 
maximum dry density and higher optimum moisture 
content [29]. Another study conducted on mechanical 
properties fired bricks with replacing clay by fly ash in high 
volume ratio reported that fly ash used as raw material 
replacing of clay to make fired bricks is an effectively 
measure of saving land and decreasing pollution [30]. 
Nazar and Sinha (2006) [31] studied the performance of 
brick masonry under cyclic compressive loading. The 
bricks masonry was built using interlocking grouted 
stabilized mud-fly ash bricks. In another study Nazar and 
Sinha (2007) [27] explored the fatigue behavior of inter-
locking stabilized mud-fly ash brick masonry with grouts. 
Both studies have shown that fly ash can be effectively 
used to produce the interlocking bricks. Therefore, in the 
2nd part, different mix design ratios of sand, cement, and 
fly ash were proposed and their effects on mechanical 
properties of CCI hollow bricks were investigated. The 
use of sand is basically adopted due to the ease in the 
availability and low cost. Fly ash was also used to replace 
the cement and to investigate the effectiveness of Fly ash 
to manufacture CCI bricks. Fly ash is one of the coal 
combustion products (CCPs) of coal burning power 
plants and it contains substantial amounts of potentially 
harmful constituents to the environment. The major 
difference between fly ash and Portland cement is the 
relative quantity of each of the different compounds. 
Portland cement is rich in lime (CaO) while fly ash is low. 
Fly ash is high in reactive silicates while Portland cement 
has smaller amounts. It was found that proposed mix 
ratios are very effective to alter the performance and 
mechanical properties of CCI hollow bricks as compared 
with original mixes (i.e., 1st Part). 
 
2. Research Significance  
 
As bricks are widely used construction material in Asia. 
So, this study is aimed at designing a good mix of 
component materials for improved mechanical properties 
using locally available materials. Also, the performance of 
the mechanical properties of traditionally prepared bricks 
are compared with the new proposed mixes. This research 
study can be used as guidelines for the manufacturing of 
CCI hollow bricks with improved mechanical properties. 
This research study also highlights the effective use of 
locally available materials for the manufacturing of CCI 
hollow bricks. 
 
3. Manufacturing Process of CCI Hollow 
Bricks  
 
The Cement-Clay Interlocking (CCI) hollow bricks 
were prepared in three different steps. In the first step, the 
component materials were collected and the coarse 
particles of red-clay were broken down into fine particles 
for the purpose of easy mixing. The collection of the clay 
material was done very carefully so that none of the 
impurities were contained in the clay-material. For the 
sake of removing organic material and impurities from the 
pure clay-material, the un-soiling of the clay was done. In 
the un-soiling process, the top layers of the soil were 
removed off so that vegetation and stone pebbles should 
not be contained in the sample components. In this 
process, the unwanted particles were removed before the 
grinding process. The grinding process of the component 
materials were carried out with the help of mechanical 
mixing machine to get homogeneous mix of design 
components. In the second step, all of the designed 
component materials (such as cement, sand, red-clay, fly-
ash and water etc.) were mixed in a concrete mixing 
machine. In this step, the blending of the component 
materials was done and each component material was 
added as per designed amounts. Different homogeneous 
mixes were prepared using designed amounts of 
component materials. In the third and last step, the 
prepared mixes were put into aluminum molds and were 
pressed either hydraulically or manually with machines. 
These prepared mixes were shaped into brick molds of 
specific dimensions, which were later burnt at certain 
degree of temperature for obtaining good quality bricks. 
These bricks were further tested in the lab to investigate 
the mechanical properties. 
 
4. Experimental Program  
 
The A large scale experimental program was planned 
to achieve the research objectives. The proposed 
experimental program is divided into two parts. In the 1st 
part, bricks from three different regions (A, B and C 
having different soil stratum) of Thailand were collected 
and their mechanical properties were investigated. These 
regions were selected to represent different kinds of 
sedimentary and metamorphic rocks. The names of the 
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provinces are not revealed to avoid any kind of conflict. 
In the manufacturing process of these CCI hollow bricks, 
the plant owner’s do not follow any specific mix design 
specifications and or recommendations. CCI hollow 
bricks were prepared based on their experience and 
knowledge. Mix components of these different regions are 
summarized in Table 1. The nominal dimensions of these 
CCI hollow bricks are shown in Fig. 1 and summarized in 
Table 2. While in the second part, specific mix designs 
were advised to be followed for manufacturing of CCI 
hollow bricks from region A. Three different mix designs 
were proposed by changing/adding the ratios of sand, 
cement and fly ash in the original conventional mix from 
region A. These mix designs were labelled as Mix–1, Mix–
2 and Mix–3. Mix components are summarized in Table 3. 
The newly proposed mix designs were exercised at the 
manufacturing plant of CCI bricks of region A. The 
nominal size of these newly manufactured CCI bricks was 
similar to the CCI bricks of region A (Table 2). In the last 
step, the prepared mix is placed into the aluminum molds 
and pressed by either hydraulically or manually operated 
machines. 
 
 
Fig. 1. Typical detailing of CCI hollow bricks. 
 
Table 1. Mix components of different regions to prepare CCI hollow bricks. 
 
Regions Mix components (kg/m3) 
Cement Sand Stone dust Red clay 
Region A 164.0 - - 1636.0 
Region B 660.0 570.0 380.0 190.0 
Region C 534.0 380.0 126.0 760.0 
 
Table 2. Dimensional details of CCI hollow bricks. 
 
Dimensions (mm) Region A Region B Region C 
L 250 200 250 
W 125 100 125 
H (Height of brick) 100 100 100 
d 35 20 30 
A x B 20 x 20 30 x 25 25 x 25 
C x D 10 x 20 10 x 25 10 x 25 
Bearing Area (BA) (cm2) 285 181 287 
Weight (kg) 4.95 3.02 5.01 
Density (kg/m3) 1737 1669 1746 
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Table 3. Newly proposed mix proportions. 
 
Proposed mix Mix components (kg/m3) Density (kg/m3) 
Cement Sand Fly ash Red clay 
Mix-1 164.0 164.0 - 1472.0 1838 
Mix-2 328.0 - - 1472.0 1944 
Mix-3 164.0 - 164.0 1472.0 1892 
 
 
5. Mechanical Properties 
 
The detailed methods to find and investigate the 
mechanical properties of cement–clay interlocking (CCI) 
hollow bricks such as compressive strength, modulus of 
rupture, splitting tensile strength, water absorption 
capacity and heat transfer are briefly discussed in this 
section. Standard testing guidelines according to ASTM 
standards [32]–[34] were followed in the experimental 
program to investigate the mechanical properties of CCI 
hollow bricks. 
 
5.1. Compressive Strength 
 
Standard testing procedure [32] was used to 
investigate the compressive strength of the CCI hollow 
bricks in each part of the study. The Universal Testing 
Machine (UTM) was used to carry out the testing 
procedure. During the testing period, load at a constant 
speed of 0.5 mm/minute was applied on each sample in 
the same manner. A typical loading setup for testing CCI 
hollow bricks is shown in Fig. 2. Prior to the load 
application, top surfaces of CCI bricks were grinded to 
remove the upward projects around circular openings and 
load was applied over the net area of CCI bricks. The 
following equation (equation 1) was used to determine 
the compressive strength (CS) of CCI hollow bricks.  
 
Fig. 2. Typical loading scheme for compressive 
strength test. 
 
CS=
P
A
 (1) 
where,  
CS  = Compressive strength (MPa) 
P    = Maximum load (N) 
A   = Net bearing area of CCI bricks (mm2) 
5.2. Modulus of Rupture 
 
Modulus of rupture can be defined as “a material 
property in the form of stress in the material just before 
it yields in a flexural test. Standard sampling and testing 
procedure [33] was used to investigate the flexural 
strength of three samples in each part of the study. The 
UTM was used to carry out the testing procedure. During 
the testing period, load at a constant speed of 0.5 
mm/minute was applied on each sample in the same 
manner. A typical loading setup for testing of CCI hollow 
bricks is shown in Fig. 3. The following equation 
(equation 2) was used to determine the modulus of 
rupture of CCI hollow bricks. 
 
R=
3P(0.50L1-x)
WH2
 (2) 
where; 
R   = Modulus of rupture (MPa) 
L1 = Distance between the supports (mm) = L – 50, 
where L is length of CCI brick 
W = Net width (face to face distance minus voids) at the 
plane of failure (mm) 
H = Depth (bed surface to bed surface distance) at the 
plane of failure (mm) 
X = Average distance from mid-span of specimen to 
plane of failure in the direction of span along center-line 
of the bed surface subject to tension (mm) 
 
 
Fig. 3. Typical loading scheme for modulus of rupture 
test. 
 
 
 
DOI:10.4186/ej.2020.24.3.89 
94 ENGINEERING JOURNAL Volume 24 Issue 3, ISSN 0125-8281 (https://engj.org/) 
5.3. Splitting Tensile Strength 
 
Standard sampling and testing procedure [34] for 
masonry units was used to investigate the splitting tensile 
strength of CCI hollow brick samples. The UTM was 
used to carry out the testing procedure. During the testing 
period, load at a constant speed of 0.5 mm/minute was 
applied on each sample in the same manner. A typical 
loading setup for testing of CCI hollow bricks is shown 
in Fig. 4. The following equation (equation 3) was used 
to determine the splitting tensile strength of CCI hollow 
bricks. 
 
T=
2P
WH
 (3) 
where; 
T = Splitting tensile strength (MPa) 
W = Split length (mm) (Gross width minus the length of 
any voids along failure plane of the bearing rods) 
H = Distance between rods (mm) = height of CCI brick 
(see Table 2) 
 
 
Fig. 4. Typical loading scheme for splitting tensile 
strength test. 
 
5.4. Water Absorption Capacity 
 
Standard testing procedure [32] of masonry units was 
used to find the water absorption capacity of CCI hollow 
brick samples. In each part of this study, three brick 
samples of each region or mix were tested to determine 
the average water absorption capacity of CCI bricks. In 
order to determine the water absorption capacity of CCI 
hollow bricks, the brick samples were oven dried and 
placed in water for 24 hours. Following equation 
(equation 4) was used to find the water absorption 
capacity of CCI hollow bricks. 
 
A=
Ws-Wd
Wd
x100 (4) 
where; 
A   = Water absorption capacity (%) 
Wd = Weight of oven dried bricks (kg) 
Ws = Weight of saturated bricks (kg) 
 
5.5. Heat Transfer 
 
Heat transfer through the CCI hollow bricks was 
measured by inducing a high temperature (up to 350oC) 
by using hot plate (electric heater). Actually, the 
temperature was induced on one side (side A) and 
transformation of temperature on the other side (side B) 
was noted during the heat transfer test. Thermocouple 
wires were used to record temperature on both sides of 
brick samples (i.e., side A and side B) through data logger 
and computer. During the heat transfer test the initial 
temperature, variation of temperate, highest temperature 
and time to reach highest temperature on both sides of 
CCI hollow brick samples were observed and recorded. 
A typical test setup of heat transfer test for CCI hollow 
bricks is shown in Fig. 5. 
 
6. Test Results and Discussions 
 
The experimental results of both parts (i.e., part 1 and 
part 2) in terms of compressive strength (CS), modulus 
of rupture (MR), splitting tensile strength (STS) and water 
absorption (WA) capacity of CCI hollow bricks are 
summarized in Tables 4-9. Experimental results are also 
shown graphically in Figs. 6-9. A detail discussion of 
experimental results is provided in the following sections. 
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Fig. 5. Typical setup for heat transformation. 
 
Table 4. Experimental results of CCI hollow bricks (Part-1). 
 
Bricks CS (MPa) MR (MPa) STS (MPa) WA (%) WA (kg/m3) 
1A 5.23 0.77 0.25 15.15 265.0 
2A 2.84 0.72 0.18 14.50 253.0 
3A 4.59 1.06 0.22 9.340 160.0 
Average 4.22 0.85 0.22 13.00 226.0 
Standard error 0.583 0.087 0.017 1.501 27.092 
1B 18.52 1.73 0.24 9.830 167.0 
2B 14.78 1.98 0.32 10.39 171.0 
3B 16.08 1.67 0.31 9.840 164.0 
Average 16.46 1.80 0.29 10.00 167.0 
Standard error 0.895 0.078 0.021 0.151 1.656 
1C 7.41 2.06 0.23 10.02 174.0 
2C 11.60 1.56 0.25 10.34 179.0 
3C 8.48 2.20 0.20 10.07 178.0 
Average 9.16 1.94 0.23 10.10 177.0 
Standard error 1.026 0.159 0.012 0.081 1.247 
 
Table 5. Experimental results of newly manufactured CCI hollow bricks (Part-2). 
 
Bricks CS (MPa) MR (MPa) STS (MPa) WA (%) WA (kg/m3) 
M1-1 4.73 1.90 0.12 12.73 229.0 
M1-2 6.49 0.62 0.16 9.280 172.0 
M1-3 6.38 1.10 0.17 9.860 184.0 
Average 5.87 1.21 0.15 10.60 194.6 
Standard error 0.465 0.305 0.012 0.871 14.166 
M2-1 12.32 2.05 0.28 13.32 329.0 
M2-2 11.88 1.41 0.41 10.58 303.0 
M2-3 15.39 2.09 0.39 9.880 331.0 
Average 13.20 1.85 0.45 11.30 321.0 
Standard error 0.901 0.180 0.033 0.857 7.364 
M3-1 12.30 1.78 0.49 8.620 161.0 
M3-2 6.03 2.21 0.41 9.130 168.0 
M3-3 6.77 2.26 0.34 8.780 169.0 
Average 8.37 2.08 0.41 8.800 166.1 
Standard error 1.615 0.124 0.035 0.123 2.055 
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Table 6. Comparison of compressive strength values of newly manufactured CCI bricks. 
 
Bricks Average CS (MPa) Percentage increase in average CS 
Region A  4.22 - 
Mix-1 5.87 39.00 
Mix-2 13.20 213.00 
Mix-3 8.37 98.30 
 
Table 7. Comparison of modulus of rupture values of newly manufactured CCI bricks. 
 
Bricks Average MR (MPa) Percentage increase in average MR 
Region A 0.85 - 
Mix-1 1.21 42.35 
Mix-2 1.85 117.64 
Mix-3 2.08 144.70 
 
Table 8. Comparison of splitting tensile strength values of newly manufactured CCI bricks. 
 
Bricks Average STS (MPa) Percentage increase in average STS 
Region A 0.22 - 
Mix-1 0.15 - 
Mix-2 0.45 104.54 
Mix-3 0.41 86.36 
 
Table 9. Comparison of water absorption capacity of newly manufactured CCI bricks. 
 
Bricks Average WA (%) Percentage reduction in average 
WA 
Region A 13.00 - 
Mix-1 10.60 18.46 
Mix-2 11.30 13.07 
Mix-3 8.800 32.31 
 
Fig. 6. Comparison of average CS values. 
 
Fig. 7. Comparison of average MR values. 
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Fig. 8. Comparison of average STS values. 
 
 
Fig. 9. Comparison of water absorption capacity. 
 
6.1. Compressive Strength 
 
Axial compressive load under static loading was 
applied to determine the compressive strength of the CCI 
hollow bricks (Fig. 2). The compressive strength values 
obtained from the first part of experimental study are 
summarized in Table 4. As it can be seen (Table 4) there 
is large variation in compressive strength values of CCI 
bricks collected from different regions of Thailand. On 
average, the lowest compressive strength (i.e., 4.22 MPa) 
is recorded for the CCI bricks collected from the region 
A. Also, it is evident from the results that CCI bricks from 
region B showed the highest compressive strength with 
an average value of 16.46 MPa. While, CCI bricks from 
region C shows moderate value of compressive strength 
of 9.16 MPa. The lowest compressive strength of CCI 
bricks collected from region A can be associated with the 
least amount of cement in the mix design of region A as 
compared with regions B and C as shown in Table 1. 
According to the Thai community product standards [24], 
the recommended lowest compressive strength of 
masonry bricks base on net area is 14.0 MPa and base on 
gross area is 7.0 MPa. Therefore, the CCI bricks collected 
from region A can be considered as un-acceptable for 
masonry structures in Thailand. In the second part of this 
experimental study, use of sand, cement and fly ash was 
adopted to alter and or to enhance the compressive 
strength of the CCI bricks of region A. Three new mix 
designs were proposed and used to manufacture CCI 
bricks at region A. The experimental results (part-2) are 
summarized in Table 5. A comparison between newly 
manufactured CCI bricks and CCI bricks of region A is 
also summarized in Table 6. As it can be seen (Table 6 
and Fig. 6), the highest average compressive strength (i.e., 
13.20 MPa) was observed for CCI bricks manufactured 
using Mix–2 which is quite closer the lowest compressive 
strength of masonry bricks in Thailand. The least value 
of compressive strength (i.e., 5.87 MPa) was shown by 
Mix-1. Mix–3 showed moderate results of compressive 
strength with an average value (i.e., 8.37 MPa). By 
comparing experimental results of newly manufactured 
CCI bricks with CCI bricks of region A, it can be seen 
(Table 6), that compressive strength of newly 
manufactured CCI bricks is significantly enhanced. The 
newly manufactured CCI bricks of Mix–1, Mix–2 and 
Mix–3 were resulted into 39.09%, 213.0% and 98.30% 
higher average compressive strength values, as compared 
with CCI bricks of region A, respectively (Table 6). It is 
evident from the experimental results that use of cement 
and fly ash is found very effective to alter the 
performance of CCI hollow bricks and average 
compressive strength values are found higher than the 
lowest values recommended by Thai community product 
standards. However, the use of sand is not found 
significantly effective to alter the compressive strength of 
CCI bricks. Further, this is well known fact that the 
compressive strength of compressed clay bricks is much 
lower than the fired clay bricks. A previous study on fired 
bricks with replacing clay by fly ash in high volume ratio 
reported compressive strength of 14.70 MPa for fired 
bricks which is very close to the compressive strength 
CCI bricks manufactured using Mix–2. This is an 
indication that the mix design of the CCI bricks can be 
further modified to produce bricks of sufficient 
compressive strength. Further, CCI bricks can be used as 
alternative to the fired clay bricks to reduce 
environmental pollution and to enhance sustainability.   
 
6.2. Modulus of Rupture 
 
Three-point bending loading setup was used to 
determine modulus of rupture of CCI bricks (Fig. 3). The 
test results of modulus of rupture of CCI hollow bricks 
obtained from first part of experimental study are 
summarized in Table 4. As it can be seen, there is large 
variation in modulus of rupture of CCI bricks collected 
from different regions of Thailand. The highest average 
value of modulus of rupture (i.e., 1.94 MPa) was observed 
for CCI bricks collected from region C. While, CCI bricks 
collected from region A showed the least value of 
modulus of rupture with an average value of 0.85 MPa 
and CCI bricks from region B shows moderate value of 
modulus of rupture i.e., 1.80 MPa. Similar to the 
compressive strength, the modulus of rupture of CCI 
bricks collected from region A was found lowest as 
compared with CCI brick of regions B and C. In the 
second part of this experimental study, the use of sand, 
cement and fly ash was adopted to alter or enhance the 
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modulus of rupture of CCI bricks of region A. Three new 
mix designs were proposed and used to manufacture new 
CCI bricks at region A. The experimental results (part-2) 
are summarized in Table 5. A comparison between newly 
manufactured CCI bricks and CCI bricks of region A is 
also summarized in Table 7. Once again, there is found, 
large variation in the results as shown in Fig. 7. The 
highest average modulus of rupture was recorded for CCI 
bricks of Mix-3, lowest average modulus of rupture was 
recorded for CCI bricks of Mix-1, and moderate average 
modulus of rupture was recorded for CCI bricks of Mix-
2. Overall, the modulus of rupture of newly 
manufactured CCI bricks is found higher as compared 
with CCI bricks of region A (Table 7). The modulus of 
rupture of newly manufactured CCI bricks i.e., Mix-1, 
Mix-2, and Mix-3 were found to be 42.35%, 117.64% and 
144.70% higher than CCI bricks of region A, respectively 
(Table 7). This higher value of modulus of rupture of 
Mix-3 as compared with Mix-2 can be associated with the 
use of fly ash. 
 
6.3. Splitting Tensile Strength (STS) 
 
Standard sampling and testing procedure for masonry 
units was used to investigate the splitting tensile strength 
of CCI hollow brick samples. The experimental results of 
splitting tensile strength obtained from the first part are 
summarized in Table 4. As compared with compressive 
strength and modulus of rupture, the experimental results 
of splitting tensile strength are less scattered (Table 4). 
Further, by comparing average splitting tensile strength 
values among each region, it can be seen that trend of 
experimental results is almost similar to the compressive 
strength results i.e., the lowest average STS is observed 
for CCI bricks of region A, moderate average values of 
STS are recorded for CCI bricks of region C and highest 
average STS is found for region B. The lowest 
compressive strength of CCI bricks collected from region 
A can be associated with the least amount of cement in 
the mix design of region A as compared with regions B 
and C as shown in Table 1. In the second part of this 
experimental study, use of sand, cement and fly ash was 
adopted to alter or enhance the splitting tensile strength 
of the CCI bricks of region A. Three new mix designs 
were proposed and used to manufacture new CCI bricks 
at region A. The experimental test results (part-2) are 
summarized in Table 5. A comparison between newly 
manufactured CCI bricks and CCI bricks of region A is 
also summarized in Table 8 and Fig. 8. As it can be seen 
(Table 8), the highest average splitting tensile strength (i.e., 
0.45 MPa) was observed for CCI bricks manufactured 
using Mix–2. The least average value of splitting tensile 
strength (i.e., 0.15 MPa) was shown by Mix-1. Mix–3 
showed moderate results of splitting tensile strength with 
an average value of 0.41 MPa. By comparing 
experimental results of newly manufactured CCI bricks 
with CCI bricks of region A, it can be seen (Table 8), that 
use of cement and fly ash is resulted into higher average 
splitting tensile strength of newly manufactured CCI 
bricks as compared with CCI bricks of region A. 
However, the use of sand is sand is resulted into lower 
average splitting tensile strength of newly manufactured 
CCI bricks as compared with CCI bricks of region A. 
Based on experimental results, it can be concluded that 
the use of cement and fly ash is very effective to alter the 
splitting tensile strength of CCI bricks and the use of sand 
is not effective to alter the splitting tensile strength of 
CCI bricks. Further detailed studies should carry out to 
understand this phenomenon. 
 
6.4. Water Absorption Capacity 
 
Immersion method was used to find out the water 
absorption capacity of CCI bricks. Oven dried CCI 
hollow bricks were immersed in water for a period of one 
day (i.e., 24 hours) to find the saturated weight. The 
experimental results (part-1) are summarized in Table 4. 
In the first part of the study, the highest value of water 
absorption (i.e., 13.0% and 226.0 kg/m3) was observed 
for CCI hollow bricks of region A. The soils which have 
smaller particle size (i.e., silt and clay) absorb more water 
as compared to sand with larger particle size and small 
surface area [14]. Therefore, the highest water absorption 
of brick samples collected from region A can be 
associated with large amount of clay contents in the mix 
design of region A as compared with region B and C. The 
least water absorption (i.e., 10.00% and 167.0 kg/m3) was 
observed for CCI hollow bricks collected from region B. 
The CCI hollow bricks collected from region C showed 
a moderate value of water absorption (i.e., 10.10% and 
166.10 kg/m3). According to the Thai community 
product standard [24], the recommended highest values 
of water absorption of masonry bricks is 288 kg/m3.  
Therefore, the CCI hollow bricks collected from region 
A can be considered as vulnerable against heavy rainfall. 
In the second part of this experimental study, use of sand, 
cement and fly ash was adopted to alter or reduce the 
water absorption of the CCI hollow bricks of region A. 
Three new mix designs were proposed and used to 
manufacture new CCI bricks at region A. The 
experimental results (part-2) are summarized in Table 5. 
A comparison between newly manufactured CCI hollow 
bricks and CCI hollow bricks of region A is also 
summarized in Table 9 and shown in Fig. 9. All newly 
manufactured CCI bricks of proposed mixes showed a 
significant reduction in water absorption capacity as 
compared with traditional CCI bricks from region A. The 
water absorption capacity of CCI bricks of Mix-1, Mix-2 
and Mix-3 is found 18.46%, 13.07% and 32.31% lower, 
respectively, as compared with CCI hollow bricks of 
region A. In this case use of fly ash is resulted into highest 
reduction in the water absorption capacity of CCI hollow 
bricks. 
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6.5. Density of CCI Hollow Bricks 
 
Density of CCI hollow bricks is given in Tables 2 and 
3 for different regions and newly mixed design 
proportions. It can be seen that the density of newly 
prepared CCI hollow bricks is significantly higher than 
the traditional CCI bricks of different regions. According 
to the Thai community product standards [24], the 
recommended density of masonry bricks is 1349 kg/m3. 
The density of both traditional and newly prepared CCI 
hollow bricks is observed higher than the Thai 
community product standards 
 
6.6. Heat Transfer Through CCI Hollow Bricks 
 
Heat transfer through CCI hollow bricks was 
determined by inducing a high temperature of 360 oC by 
using an electrical hot plate (Fig. 5). Thermocouple wires 
were used to measure temperature on both sides of the 
CCI hollow bricks (side A and side B). The experimental 
results in terms of average initial temperate on both sides, 
the average highest temperature on both sides, average 
time to teach at high temperature and average heat 
transfer through CCI hollow bricks are summarized in 
Tables 10 and 11. A comparison of average heat transfer 
among newly manufactured CCI bricks and CCI bricks 
of region A is given in Table 12 and graphically shown in 
Fig. 10. In first part of the study, highest average heat 
transfer (i.e., 33.67oC) through the CCI hollow bricks of 
region B was observed (Table 10). This is primarily 
because of these reasons; 1) well compaction of the CCI 
hollow bricks of region B (this assumption can be verified 
by highest value of average compressive strength of CCI 
hollow bricks of region B), 2) the small value of the width 
of CCI hollow bricks of region B (Table 2) as compared 
with CCI hollow bricks of regions A and C. The CCI 
hollow bricks collected from region C showed a moderate 
average heat transfer i.e., (i.e., 23.50 oC) and the CCI 
hollow bricks samples collected from region A showed a 
lowest heat transfer of 13.32 oC as compared with other 
regions.  The lowest average heat transfers through CCI 
hollow bricks of region A can be associated with the 
presence of more air voids in the CCI hollow bricks of 
region A as compared with regions B and C. Lowest 
compressive strength is also an indication of large air 
voids in the CCI bricks of region A (Table 4). In the 
second part of this experimental study, use of sand, 
cement and fly ash was adopted to alter the mechanical 
properties of CCI hollow bricks. Here, the highest 
average heat transfer (i.e., 19.60 oC) was observed in the 
CCI hollow bricks of Mix–2 (Table 11). The highest 
average heat transfer through the CCI hollow bricks of 
Mix-2 could be associated with the large amount of 
presence of cement contents in the Mix-2 as compared 
with the Mix1 and Mix-3 (Table 3). The CCI hollow 
bricks manufactured using fly ash (Mix-3) showed a 
lowest average heat transfer of 8.63 oC. The use of sand 
is resulted into a moderate average heat transfer (13.74 oC) 
through CCI hollow bricks as compared with cement and 
fly ash. By comparing experimental results of average 
heat transfer through the newly manufactured CCI 
hollow bricks with region A (Table 12), it can be seen that 
the use of fly ash is resulted to reduce the average heat 
transfer through by 35.0% and use of both sand and 
cement is not found effective to reduce the heat transfer 
through the CCI hollow bricks. 
Heat flux can be defined as the amount/quantity of 
heat which is transferred per unit area in unit time from 
or to a brick surface. Heat flux could be calculated by 
assuming one-dimensional conduction in the steady state 
condition and using following equation; 
 
Q
x
=
kdt
dx
 (5) 
where; 
Qx   = Heat flux (W/m2) 
dt  = T1-T2, T1 is temperature at side A (oC), T2 is 
temperature at side B (oC) 
dx     = Length of heat transfer region (m) 
k = Thermal conductivity (W/m.K), thermal 
conductivity for bricks was taken equal to 0.60 as 
described in details in previous work [35].    
 
The calculated average values of heat flux are 
summarized in Table 13. In case of traditional bricks i.e., 
region A to region C bricks, the highest amount of heat 
flux is recorded for CCI bricks of region A. Whereas, in 
case of newly manufactured CCI hollow bricks, the 
highest amount of heat flux is observed for CCI hollow 
bricks of Mix-3.   
 
 
Table 10. Heat transfer test results of CCI hollow bricks (Part-1) 
Mix components Region A Region B Region C 
Average initial temperature at side A (oC) 31.00 30.50 31.00 
Average initial temperature at side B (oC) 31.20 31.20 31.20 
Average highest temperature at side A (oC) 360.0 360.0 360.0 
Average highest temperature at side B (oC) 44.52 64.87 54.70 
Average time to reach at highest temperature (min) 55 40 35 
Average heat transfer through bricks (oC) 13.32 33.67 23.50 
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Table 11. Heat transfer test results of CCI hollow bricks (Part-2) 
Mix components Mix-1 Mix-2 Mix-3 
Average initial temperature at side A (oC) 35.50 31.80 40.70 
Average initial temperature at side B (oC) 36.30 34.20 33.10 
Average highest temperature at side A (oC) 360.0 360.0 360.0 
Average highest temperature at side B (oC) 50.04 51.10 41.73 
Average time to reach at highest temperature (min) 94.25 65.00 65.50 
Average heat transfer through bricks (oC) 13.74 16.90 8.63 
 
Table 12. Comparison of average heat transfer through newly manufactured CCI hollow bricks. 
 
Bricks Heat transfer through CCI hollow bricks 
(oC) 
Percentage reduction (-) or increase (+) in 
heat transfer 
Region A 13.32 - 
Mix-1 13.74 +3.000 
Mix-2 16.90 +27.00 
Mix-3 8.630 -35.00 
 
 
Fig. 10. Comparison of average heat transfer through CCI hollow bricks. 
 
Table 13. Heat flux of CCI hollow bricks. 
 
Bricks Heat flux of CCI bricks (W/m2) Percentage reduction (-) or increase (+) in 
heat transfer as compared with region A 
Region A 1858 - 
Region B 1733 -6.7 
Region C 1838 -1.1 
Mix-1 1817 -2.2 
Mix-2 1857 -0.1 
Mix-3 1867 0.5 
 
 
7. Failure Modes 
 
Almost all of the CCI hollow brick samples 
investigated in this study showed a similar pattern of 
failure in each type of testing such as compressive 
strength, flexural strength and splitting tensile strength as 
shown in Figs. 11 and 12. In the compression test, CCI 
bricks failed mainly in crushing manner as shown in Figs. 
11(a) and 12(a). While in case of modulus of rupture test, 
an inclined crack in the middle region of CCI hollow 
bricks was observed (Figs. 11(b) and 12(b)). This can be 
associated with the fact that in three-point bending 
loading scheme, bricks tend to bend after the application 
of load. Prior to the final inclined rupture of the CCI 
hollow bricks, minor flexural cracks at the tension face of 
CCI hollow bricks were also observed. In splitting tensile 
strength tests, a straight-line crack was observed in the 
middle region of CCI hollow bricks as shown in Figs. 11(c) 
and 12(c). 
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(a) Compression test (Part-1) 
(b)  
 
(b) Flexure test (Part-1) 
 
 
(c) Splitting tensile test (Part-1) 
 
Fig. 11. Typical failure modes of CCI hollow bricks (Part-1). 
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(a) Compression test (Part-2) 
 
 
(b) Flexure test (Part-2) 
 
 
(c) splitting tensile test (Part-2) 
 
Fig. 12. Typical failure modes of newly manufactured CCI hollow bricks (Part-2). 
 
 
8. Cost-benefit Analysis 
 
The production cost of the CCI bricks is mainly 
dependent upon availability of materials, workmanship 
and weather conditions. The exact cost details of CCI 
hollow bricks collected from different regions of 
Thailand and newly manufactured CCI hollow bricks are 
summarized in Table 14. The production cost of the CCI 
bricks in Thailand is in the range of 10-14 Thai Baht 
(0.30-0.45 US Dollar). The production cost of the CCI 
bricks collected from region A and B is similar and lower 
than region C. Since the cement is most expensive 
material in the production of CCI bricks, therefore lower 
price of the CCI hollow bricks of region A is associated 
with the least amount of cement in the mix design of 
region A as compared with region B and C (Table 1). 
Although the amount of cement in the mix design of 
region B is highest as compared with region A and C, but 
the lower price of the CCI bricks collected from region B 
is mainly due to its small size as shown in Table 2. As it 
can be seen (Table 14), the cost of CCI hollow bricks 
collected from region C is highest; this is because the 
manufacturer was getting the clay material from a bit far 
distance from the manufacturing plant. A cost-benefit 
analysis of the CCI hollow bricks collected from different 
regions of Thailand is graphically shown in Fig. 13. 
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Benefit only in terms of mechanical properties such as 
compressive strength, splitting tensile strength and water 
absorption were considered in the cost benefit analysis. It 
can be seen that the manufacturing cost of CCI bricks 
collected from region A and region B is same however 
the region B has better mechanical properties as 
compared with region A. On the other hand, the CCI 
bricks with the highest cost (i.e., region C) is showing 
moderate values of compressive strength, splitting tensile 
strength and water apportion capacity as compared with 
region A and B. Based on cost-benefit analysis it can be 
said that CCI bricks collected from region B are most 
suitable as compared with region A and C. In the second 
part of this experimental study, the use of sand, cement 
and fly ash were adopted to alter the mechanical 
properties of CCI hollow bricks. The use of additional 
materials in the newly proposed mix designs (Mix-1, Mix-
2, and Mix-3) led to higher manufacturing costs of CCI 
hollow bricks as compared with CCI bricks of region A 
as shown in Table 14. In this case, lowest manufacturing 
cost is observed for the CCI hollow bricks of Mix-1 due 
to sand which is low price and easily available material. 
Further, it can be seen that the cost of the Mix–3 is more 
as compared of other new proposed mixes. The reason 
of the higher cost is fly ash. Although, fly ash is a waste 
product, but its availability and higher transportation 
costs yield in more expensive bricks. The use of cement 
resulted in moderate production cost of CCI hollow 
bricks as compared with Mix-1 and Mix-3. A cost-benefit 
analysis for newly manufactured CCI hollow bricks is 
presented in Fig. 14. It can be seen that the manufacturing 
cost of CCI bricks of Mix–1 and Mix–2 is almost similar, 
however the mechanical properties of CCI bricks of Mix-
2 are better than the mechanical properties of CCI bricks 
of Mix-1. Further, it can be noted (Table 14 and Fig. 14) 
that CCI bricks manufactured using Mix-3 resulted in 
higher manufacturing cost and their mechanical 
properties such as compressive strength, splitting tensile 
strength and water absorption capacity are found 
moderate as compared with CCI bricks of Mix-1 and 
Mix-2. Since the compressive strength is the main 
mechanical property which defines the quality of bricks 
according to Thai community product standards [24]. 
Therefore, among newly proposed mix designs, Mix-2 
can be considered as the most suitable as compared with 
other mix designs (Mix-1 and Mix-3). 
 
Table 14. Production cost details of CCI hollow bricks. 
 
Bricks 
Production cost of CCI bricks in Thai Baht 
(US Dollar) 
Percent increase in production cost of 
newly manufactured CCI hollow bricks 
Region A 10.0 (0.30) - 
Region B 10.0 (0.30) - 
Region C 12.0 (0.36) - 
Mix – 1 11.0 (0.33) 10.0 
Mix – 2 12.0 (0.36) 20.0 
Mix – 3 14.0 (0.42) 40.0 
 
 
 
Fig. 13. Cost-benefit analysis of CCI hollow bricks (Part-1). 
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Fig. 14. Cost-benefit analysis of CCI hollow bricks (Part-2). 
 
 
9. Conclusion 
 
In this paper, an investigative study on mechanical 
properties of CCI hollow bricks such as compressive 
strength, modulus of rupture, splitting tensile strength, 
water absorption and heat transfer is conducted. The 
experimental program is divided into two parts. In the 1st 
part, bricks from three different regions (A, B and, C 
having different soil stratum) of Thailand were collected 
and their mechanical properties were investigated. In the 
2nd part, change in mix design ratios followed by sand, 
cement and fly ash for region A have been exercised to 
observe their effects on mechanical properties of bricks 
from said region. Based on the experimental results, the 
following observations are concluded; 
1. Uses of locally available materials and different mix 
designs have significant effect on the mechanical pro
perties of CCI hollow bricks. A large variation in the
 investigated mechanical properties was observed fo
r CCI hollow bricks collected from different regions. 
2. Overall, CCI bricks from region B have superior me
chanical properties as compared with traditional CC
I bricks from region A and C. Only modulus of rupt
ure of region B is observed slightly lower than regio
n C. 
3. CCI bricks from region A do not satisfy compressiv
e strength and water absorption values recommende
d by Thai community product standards. 
4. Newly proposed mixes (use of sand, cement and fly 
ash) to manufacture CCI hollow bricks are found qu
ite effective to improve and or alter the mechanical 
properties of CCI hollow bricks. 
5. The use of cement in the manufacturing of CCI bric
ks is found to be most effective and suitable as com
pared with sand and fly ash. 
 
 
 
Acknowledgment  
 
The authors are indebted to the Faculty of 
Engineering, Srinakharinwirot University, Thailand, for 
funding this research study under the Research Grant ID 
482/2559. The authors would also like to extend their 
gratitude to the Asian Institute of Technology (AIT) for 
supporting test facilities. 
 
References 
 
[1] J. Yang, Q. Du, and Y. Bao, “Concrete with recycled 
concrete aggregate and crushed clay bricks,” Constr. 
Build. Mater., vol. 25, no. 4, pp. 1935–1945, 2011. 
[2] A. N. Raut and C. P. Gomez, “Assessment of 
thermal and energy performance of thermally 
efficient sustainable wall system for Malaysian low 
cost housing,” Appl. Therm. Eng., vol. 136, pp. 309–
318, 2018. 
[3] M. J. Munir, S. M. S. Kazmi, Y. F. Wu, A. Hanif, 
and M. U. A. Khan, “Thermally efficient fired clay 
bricks incorporating waste marble sludge: An 
industrial-scale study,” J. Clean. Prod., vol. 174, pp. 
1122–1135, 2018. 
[4] T. D. Nguyen and F. Meftah, “Behavior of hollow 
clay brick masonry walls during fire. Part 2: 3D finite 
element modeling and spalling assessment,” Fire Saf. 
J., vol. 66, pp. 35–45, 2014. 
[5] M. Sutcu, H. Alptekin, E. Erdogmus, Y. Er, and O. 
Gencel, “Characteristics of fired clay bricks with 
waste marble powder addition as building materials,” 
Constr. Build. Mater., vol. 82, pp. 1–8, 2015. 
[6] P. Muñoz, M. P. Morales, M. A. Mendívil, M. C. 
Juárez, and L. Muñoz, “Using of waste pomace 
from winery industry to improve thermal insulation 
of fired clay bricks. Eco-friendly way of building 
construction,” Constr. Build. Mater., vol. 71, pp. 181–
187, 2014. 
0%
20%
40%
60%
80%
100%
Cost Compressive
strength (MPa)
Splitting tensile
strength (MPa)
Water
absorption (%)
Mix-1 Mix-2 Mix-3
DOI:10.4186/ej.2020.24.3.89 
ENGINEERING JOURNAL Volume 24 Issue 3, ISSN 0125-8281 (https://engj.org/) 105 
[7] P. Medeiros, G. Vasconcelos, P. B. Lourenço, and J. 
Gouveia, “Numerical modelling of non-confined 
and confined masonry walls,” Constr. Build. Mater., 
vol. 41, pp. 968–976, 2013. 
[8] E. A. W. Hendry, “Masonry walls: Materials and 
construction,” Constr. Build. Mater., vol. 15, no. 8, pp. 
323–330, 2001. 
[9] T. D. Nguyen, F. Meftah, R. Chammas, and A. 
Mebarki, “The behaviour of masonry walls 
subjected to fire: Modelling and parametrical studies 
in the case of hollow burnt-clay bricks,” Fire Saf. J., 
vol. 44, no. 4, pp. 629–641, 2009. 
[10] N. Dalkılıç and A. Nabikoğlu, “Traditional 
manufacturing of clay brick used in the historical 
buildings of Diyarbakir (Turkey),” Front. Archit. Res., 
vol. 6, no. 3, pp. 346–359, 2017. 
[11] B. Beal, A. Selby, C. Atwater, C. James, C. Viens, 
and C. Almquist, “A comparison of thermal and 
mechanical properties of clay bricks prepared with 
three different pore-forming additives: Vermiculite, 
wood ash, and sawdust,” Environ. Prog. Sustain. 
Energy, pp. 1–10, 2019. 
[12] G. Tao, Y. Pan, Z. Qiao, and C. Jiang, “Utilization 
of sandy soil as the primary raw material in 
production of unfired bricks,” Adv. Mater. Sci. Eng., 
vol. 2018, pp. 1–11, 2018. 
[13] E. Bonet-Martínez, L. Pérez-Villarejo, D. Eliche-
Quesada, and E. Castro, “Manufacture of 
sustainable clay bricks using waste from secondary 
aluminum recycling as raw material,” Materials 
(Basel)., vol. 11, no. 12, 2018. 
[14] K. Elert, G. Cultrone, C. Rodriguez Navarro, and E. 
Sebastián Pardo, “Durability of bricks used in the 
conservation of historic buildings - Influence of 
composition and microstructure,” J. Cult. Herit., vol. 
4, no. 2, pp. 91–99, 2003. 
[15] G. H. M. J. S. De Silva and B. V. A. Perera, “Effect 
of waste rice husk ash (RHA) on structural, thermal 
and acoustic properties of fired clay bricks,” J. Build. 
Eng., vol. 18, no. March, pp. 252–259, 2018. 
[16] A. Heath, P. Walker, C. Fourie, and M. Lawrence, 
“Compressive strength of extruded unfired clay 
masonry units,” Proc. Inst. Civ. Eng. - Constr. Mater., 
vol. 162, no. 3, pp. 105–112, 2009. 
[17] P. J. Walker, “Strength, durability and shrinkage 
characteristics of cement stabilised soil blocks,” Cem. 
Concr. Compos., vol. 17, no. 4, pp. 301–310, 1995. 
[18] B. V. Venkatarama Reddy and A. Gupta, 
“Characteristics of soil-cement blocks using highly 
sandy soils,” Mater. Struct. Constr., vol. 38, no. 280, 
pp. 651–658, 2005. 
[19] S. Joseph, B. McGarry, B. Sajjakulnukit, and O. 
Sopchokchai, “A study of brick production in 
Thailand,” TDRI Q. Rev., vol. 5, no. 2, pp. 11–15, 
1990. 
[20] F. R. Moormann,, and S. Rojanasoonthon, 
“General soil conditions,” Land Development 
Department, The Applied Scientific Research 
Corporation of Thailand and FAO, Kasetsart 
University, 1967. 
[21] P. Joyklad, N. Ali, and Q. Hussain, “Mechanical 
properties of local cement-clay interlocking bricks 
in central part of Thailand,” SWU Eng. J., vol. 13, 
no. 1, pp. 1–12, 2018. 
[22] H. B. Nagaraj, M. V. Sravan, T. G. Arun, and K. S. 
Jagadish, “Role of lime with cement in long-term 
strength of compressed stabilized earth blocks,” Int. 
J. Sustain. Built Environ., vol. 3, no. 1, pp. 54–61, 2014. 
[23] J. E. Oti, J. M. Kinuthia, and J. Bai, “Engineering 
properties of unfired clay masonry bricks,” Eng. 
Geol., vol. 107, no. 3–4, pp. 130–139, 2009. 
[24] Community Product Standards Division (CPSD), 
Thai Community Product Standards: Interlocking Block 
(602/2547). Bangkok: Thai Industrial Standards 
Institute (TISI), 2004. 
[25] M. Sýkora, D. Diamantidis, M. Holický, J. Marková, 
and Á. Rózsás, “Assessment of compressive 
strength of historic masonry using non-destructive 
and destructive techniques,” Construction and Building 
Materials, vol. 193, pp. 196-210, 2018. 
[26] E. Franzoni, C. Gentilini, G. Graziani, and S. 
Bandini, “Compressive behaviour of brick masonry 
triplets in wet and dry conditions,” Construction and 
Building Materials, vol. 82, pp. 45-52, 2015. 
[27] M. E. Nazar and S. N. Sinha, “Fatigue behaviour of 
interlocking grouted stabilised mud-fly ash brick 
masonry,” Int. J. Fatigue, vol. 29, no. 5, pp. 953–961, 
2007. 
[28] P. B. Cachim, “Mechanical properties of brick 
aggregate concrete,” Construction and Building 
Materials, vol. 23, no. 3, pp. 1292-1297, 2009. 
[29] L. Hu, J. Hao, and L. Wang, “Laboratory evaluation 
of cement treated aggregate containing crushed clay 
brick,” Journal of Traffic and Transportation Engineering, 
vol. 1, no. 5, pp. 371-382, 2014. 
[30] X. Lingling, G. Wei, W. Tao, and Y. Nanru, “Study 
on fired bricks with replacing clay by fly ash in high 
volume ratio,” Construction and Building Materials, vol. 
19, no. 3, pp. 243-247, 2005. 
[31] M. E. Nazar and S. N. Sinha, “Influence of bed 
joint orientation on interlocking grouted stabilised 
mud-flyash brick masonry under cyclic 
compressive loading,” Structural Engineering and 
Mechanics, vol. 24, no. 5, pp. 585–599, Nov. 2006. 
[32] Standard Test Method for Compressive Strength of Masonry 
Prisms, ASTM C1314-14, 2014. 
[33] Standard Test Methods for Sampling and Testing Concrete 
Masonry Units and Related Units, ASTM C140-11a, 
2011. 
[34] Standard Test Method for Splitting Tensile Strength of 
Masonry Units, ASTM C1006-07, 2007. 
[35] M. Dondi, F. Mazzanti, P. Principi, M. Raimondo, 
and G. Zanarini, “Thermal conductivity of clay 
bricks,” Journal of Materials in Civil Engineering, vol. 
16, no. 1, pp. 8-14, 2004. 
 
 
DOI:10.4186/ej.2020.24.3.89 
106 ENGINEERING JOURNAL Volume 24 Issue 3, ISSN 0125-8281 (https://engj.org/) 
 
 
 
Dr. Panuwat Joyklad earned his bachelor degree in civil engineering (1st Class Honor) from 
Naresuan University in 2003. In 2005, he holds his master degree from school of Civil Engineering 
at Asian Institute of Technology in the field of structural engineering. Prior to join in doctoral degree, 
Dr. Panuwat served as a bridge design engineer at TEAM Consulting Engineering and Management 
Company in which the high technique skills for design of advanced structures was developed. Next, 
he attained to Sirinthorn Institute of Technology and received the Royal Golden Jubilee (RGJ) Ph.D. 
Programme from The Thailand Research Fund (TRF). During Ph.D. study, Dr. Panuwat focused his 
research on advanced behavior of concrete structures under special conditions such as tsunami and 
earthquake. In 2010, he joined to University of Canterbury, New Zealand for advanced research as 
visiting researcher.  Before his graduation on doctoral program, he started his teacher carrier with 
Kasem-Bundit University. For next two years after he completed his degree, Dr.Panuwat entered to Department of 
Civil and Environmental Engineering at Srinakharinwirot University until now. He is also a licensed professional 
engineer which have been performed many practicing designed projects, and continues to take part in consulting 
assignments with industry. In addition, he has been assigned from Council of Engineers (COE) to be a member of 
savant committee. 
 
 
Dr. Qudeer Hussain was born in Pakistan in 1979. He received the B.S. and M.S. degrees in Civil 
Engineering from the University of Engineering and Technology Taxila, Pakistan in 2009 and the 
Ph.D. degree in Civil Engineering/Structural Engineering from Thammasat University, Thailand, in 
2015. 
From 2015 to 2016, he was a Research Associate with Sirindhorn International Institute of 
Technology, Thammasat University, Thailand. From 2016 to 2017, he was a Lecturer at Kasem 
Bunding University, Thailand. From 2017 to 2019, he was a Research Faculty Member at 
Construction and Maintenance Technology Research Center (CONTEC), School of Civil Engineering and Technology, 
Sirindhorn International Institute of Technology, Thammasat University, Thailand. Since September 2019, he has been 
a Post-Doctoral Researcher with Civil Engineering Department, Faculty of Engineering, Chulalongkorn University, 
Thailand. His research interests include structural dynamics and earthquake engineering, nonlinear behavior and 
modeling of reinforced concrete structures and seismic retrofitting of reinforced concrete buildings. 
 
 
Mr. Nazam Ali earned his Bachelor Degree in Transportation Engineering from University of 
Engineering and Techn ology, Lahore in 2014. His Masters is from Sirindhorn International Insitute 
of Technology, Thammasat University, Thailand (2016-2018). He has worked with many of the 
leading consulting and construction firms in his career. He has been working as a lecturer at 
Department of Civil Engineering, School of Engineering, University of Management and Technology, 
Lahore since October of 2018. Currently, he is on leave to pursue his doctoral studies at Kanazawa 
University, Japan.  
 
 
 
 
 
 
